Purpose: miRNA plays an important role in human disease and cancer. We seek to investigate the expression status, clinical relevance, and functional role of miRNA in non-small cell lung cancer.
Introduction
Lung cancer is one of the most common cancers worldwide, and smoking is a major cause of the disease. However, approximately 10% to 25% of cases are not attributable to smoking (1) . Genetically, lung cancers from never smokers have a distinct gene mutation pattern compared with those of current and former smokers (2) . Cumulative evidence suggests that lung cancer in never smokers (i.e., persons who smoked <100 cigarettes in their lifetime) may develop through molecular mechanisms that differ from those of lung cancer in smokers (2) (3) (4) (5) . Using gene expression profiling, several studies have (5) (6) (7) (8) reported different pathways of genes involved in cellular transformation and tumor formation in smoker and never smoker lung adenocarcinomas (3, 9) . Yanaihara and colleagues (5) and Seike and colleagues (7) also reported differentially expressed miRNAs in lung cancer from smokers and never smokers, respectively.
MiRNAs represent a new class of regulatory molecules that participate in various biologic processes, such as development differentiation, cell proliferation, and apoptosis (10) (11) (12) (13) . miRNAs can function as either oncogenes or tumor suppressor genes through regulation of their target genes (14) (15) (16) (17) . Because a miRNA can potentially target a diverse set of mRNA, it plays a critical role in lung tumorigenesis and affect patient outcomes (8, 16, 18, 19) . Using miRNA profiling, recent studies have shown miR-21, miR-155, and let-7 as some of the miRNA genes commonly altered in lung cancers, affecting tumor progression or overall survival, or both (5, 7, 8) . In a recent validation study, miR-21 overexpression was a consistent feature among lung adenocarcinomas and was strongly predictive for cancer-specific death or relapse-free survival in 3 independent cohorts (20) . In addition, miR-21, together with several other miRNA genes, seems to be a valuable plasma biomarker for the prediction, diagnosis, and prognosis of computed tomography (CT)-detected lung cancers (21, 22) .
In this study, we aim to identify miRNA genes that might play a role in never smoker lung adenocarcinomas. To test this hypothesis, we first focused on examining miRNA and mRNA expression profiles in 2 cohorts of never smoker lung adenocarcinoma samples. We identified miR-708 as one of the most frequently overexpressed miRNA in these tumors and validated this result in 2 other NSCLC cohorts. We examined the clinical impact of miR-708 and its biologic function through loss-and gain-of-function experiments. We provide evidence that miR-708 contributes to lung cancer development and progression through regulating a Wnt signaling regulator gene, TMEM88.
Materials and Methods

Patients
Primary lung tumors and corresponding normal lung tissues in never smokers (<100 cigarettes lifetime) were obtained from 103 patients with adenocarcinoma diagnosed between January 1997 and September 2008. There were 56 pairs from fresh-frozen (FF) tissues and 47 pairs from formalin-fixed, paraffin-embedded (FFPE) tissues as part of a systematic study to examine the genetic and epidemiologic factors contributing to never smoker lung cancer (23) . This study was approved by the Mayo Clinic (Rochester, MN) Institutional Review Board. Written informed consent was obtained from all patients. The clinicopathologic characteristics of patients had no statistically significant difference between the FF and FFPE cohorts for all tested clinical variables (P > 0.2). Two independent sample sets were used for validation study. Samples from the National Cancer Institute (NCI) included available total RNA from 94 adenocarcinomas and 73 normal lung from FFPE tissues and were a part of a nonsmall cell lung cancers (NSCLC) cohort (24) . Among the cases used, there were 45 smokers, 5 never smokers, 44 unknown. In the Korean cohort, primary lung tumors and matched normal lung tissues were obtained from 34 patients with adenocarcinoma who underwent resection with curative intent at Kyungpook National University Hospital, Daegu, South Korea, from January 2003 to July 2007. Fifteen patients were never smokers and 19 patients were smokers. Detailed clinical information and respective institutional approvals on both cohorts are as described (24, 25) . Clinical information of all patients used in this study is summarized in Supplementary Table S1 .
RNA extraction and gene expression profiling by microarray
The FF tissues were extracted at the Mayo Clinic Biospecimen Accession and Processing Core using the miRNeasy kit (Qiagen Inc.) using the manufacturer's protocols. Unstained FFPE tissues were sectioned to 10-mm thickness and 4 to 8 tissue sections were placed into a 1.5-mL tube. Xylene (1 mL) was added for deparaffinization and vortexed vigorously at room temperature for 3 minutes. After the ethanol series to remove xylenes, RNA was extracted with the miRNeasy FFPE kit (Qiagen Inc.) and quantified using Nanodrop (Thermo Fisher Scientific Inc.). After extraction, all RNA samples were stored at À80 C until used. The Illumina MicroRNA Expression Profiling and WholeGenome DASL (cDNA-mediated, annealing, selection, and ligation) assay V2.0 (Illumina Inc.) were used to evaluate miRNA and mRNA gene expression signatures, respectively. All DASL array experiments were done at the Mayo Clinic Gene Expression Core according to manufacturer's instructions. Portions of the mRNA expression data for the 56 paired FF samples have been previously described (23) . The tumor content for all Mayo samples was kept at 60% or more. Total RNA from the NCI Cohort was isolated using the RecoverAllÔ Total Nucleic Acid Isolation Kit (Life Technologies) following manufacturer's protocol.
Microarray data analysis
The miRNA expression profiling was conducted on all 56 FF and 47 FFPE paired tumor and normal lung samples. The mRNA expression profiles were analyzed for the same 56 pairs of FF tissues. The microarray data for both miRNA and mRNA were processed and normalized through BeadStudio software, version 3.0. (Illumina Inc.) using the quantile normalization method. The normalized data were then log2 transformed and analyzed using the Partek Genomics Suite (Partek Inc.). The 1-way ANOVA model was applied to identify differentially expressed genes for all analyses. The multiple testing was corrected using the BenjaminiHochberg false discovery rate (FDR) method. For miRNA or mRNA genes, having a differential fold change >AE1.5 at raw Translational Relevance miRNA participates in a variety of biologic processes and can function as either oncogene or tumor suppressor through regulating its target genes. Here, we show that miR-708 is one of the most highly overexpressed miRNAs in non-small cell lung cancer (NSCLC). High level of miR-708 in tumor is also associated with a reduced overall survival in lung adenocarcinomas from never smokers. Functionally, miR-708 overexpression increases the proliferation, migration, and invasion in cultured cells and down regulates TMEM88, a negative regulator of Wnt signaling. Jointly, our results support an oncogenic role of miR-708 by activating Wnt signaling pathway to promote lung cancer progression. P value < 0.01 and FDR <5% were considered as significant candidates. For miRNA analysis, we focused on genes having significant expression differences in both FF and FFPE cohorts by first selecting significantly changed miRNAs in each cohort independently and then selected the top 20 miRNA targets common between the 2 datasets.
We further subclassified FF tumors into miR-708 "high" and "low" group based on the mean of expression after normalization and compared mRNA gene expression differences between the miR-708-H and miR-708-L tumors. This analysis identified 169 mRNA genes differentially expressed based on fold change >1.5 and FDR <5%. Hierarchical clustering and principal component analysis were conducted on these 169 genes based on the Euclidean distance and the average linkage clustering algorithm through the Partek Genomics Suite. We also surveyed these 169 genes using TargetScan and MicroCosm databases to identify predicted mRNA targets of miR-708. The Gene Expression Omnibus (GEO) accession number for all miRNA and mRNA DASL profiling data of this study is GSE36681.
Survival analysis
We subjected the most differentially expressed miRNA candidates (20 shared genes) for survival analysis based on their expression profiles in tumor samples from the FF and the FFPE cohorts. HRs and 95% confidence intervals (CI) were estimated using the multivariate Cox proportional hazards model with adjustment for age, sex, and pathologic stage using R package. Survival probabilities were estimated by the Kaplan-Meier method and the differences in overall survival were compared through the log-rank test. The expression levels of the tested miRNAs were entered as a continuous value for Cox analysis and dichotomized as positive or negative on the basis of mean after normalization. Similar analysis was carried out for mRNA candidates on the basis of mRNA expression profiles.
Real-time quantitative PCR
We carried out real-time quantitative PCR (RT-qPCR) using miScript PCR System (Qiagen Inc.) for miR-708 and TaqMan Gene Expression Assays (Applied Biosystems) for TMEM88. The relative expression levels were calculated using the DDC t method, and RNU6B or GUSB as the internal control. The PCRs were run using the ABI 7900 HT Sequence Detection System (Applied Biosystems).
miR-708-modified cells
For transient expression, cells were transfected in a 6-well plate at 1 Â 
Cell counting and soft agar assay
Cell counting was done by trypsinization and counting with a hemacytometer at the end of the experiment. For the soft agar assay, A549 cells stably transduced with miR-708 or the mock control construct were plated at $100 cells per well in 6-well plates. Cells were cultured for 2 weeks and evaluated by counting colonies that were >90 mm in diameter using GelCount (Oxford Optronix Ltd.).
Cell migration, invasion, and proliferation assays
In a 6-well plate, 1 Â 10 6 A549 cells stably transduced by miR-708 or mock control construct were plated as a monolayer and were wounded with a p200 tip after 2 days. Images of the wounded area were captured at time intervals of 0, 18, and 40 hours. Cell migration into the wounded area was measured and calculated in triplicate using ImageJ version 1.44m (NIH, Bethesda, MD). For the invasion assay, H1299 cells were seeded at 2 Â 10 5 cells per well and transiently transfected with 40 nmol/L of miR-708 mimic, anti-miR-708, or control oligonucleotide (mock). At 48 hours posttransfection, cells were trypsinized and reseeded at 1 Â 10 5 cells per well in serum-free medium added to the upper chamber of each Matrigel insert in 24-well format (BD Bioscience, 8-mm pore size). The lower chamber held 10% serum-containing medium. Cells were incubated for 12 hours. Noninvading cells on the top chamber were removed and cells on the membrane's lower surface were stained with hematoxylin-eosin, captured under a microscope, and counted in 5 random fields.
Luciferase reporter assay
We used luciferase assay to investigate whether miR-708 modulates the TMEM88 expression. To do so, we generated the 368-bp fragment by PCR using primers, a forward (5 0 -GGGCTCGAG TGA CCC TCG AGT CAA GAA CAA-3 0 ), a reverse (5 0 -GGGCGGCCGC TTA TTG ATG CGT GGA CAC TCC-3 0 ), and the cDNA from 293T cells to amplify the TMEM88-3 0 UTR region. The PCR product was cloned into the XhoI/NotI 3 0 UTR site of the psiCHECK-2 plasmid (Promega Corp.). The correct sequence of all the clones was verified through DNA sequencing. HEK293T cells stably transduced with miR-708 and the mock shMIMIC miRNA were plated into a 12-well plate in Dulbecco's Modified Eagle's Medium supplemented with 10% heat-inactivated FBS. The cells then were transfected with psiCHECK2-TMEM88 UTR constructs containing 3 0 UTR of TMEM88 using Effectene (Qiagen Inc.). The cells were harvested 48 hours after transfection and lysed in accordance with the manufacturer's instructions (Promega Corp.). Renilla luciferase activity was measured with a Lumat LB 953 (EG&G Berthhold) and the results were normalized through firefly luciferase activity. All experiments were conducted in triplicate (i.e., 3 wells for each condition).
Results
MiRNA signatures in never smoker lung adenocarcinoma
We examined miRNA expression profiles using total RNA from 56 pairs of FF and 47 pairs of FFPE primary never smoker lung adenocarcinomas and matched noninvolved (normal) lung samples (Supplementary Table S1 ). Using the criteria of fold change >AE1.5 and P < 0.01, we observed 51 miRNAs in the FF cohort and 34 miRNAs in the FFPE cohort that were differentially expressed among the 858 Hsa miRNA genes examined. Among these 2 sets of genes, 20 miRNAs were common between the 2 cohorts and the fold change ranged between 2.6 and À2.1 (Table 1) . Significantly, the direction and the fold of miRNA expression differences between the tumor and normal samples were very similar for both the FF and FFPE cohorts indicating the robustness of the gene selection algorithm.
MiR-708 is associated with overall patient survival in never smoker lung adenocarcinoma
To investigate the potential biologic significance of these 20 consistently altered miRNAs, we conducted Cox proportional hazards model analyses for each cohort. Increased expression of miR-708 was associated with an increased risk of death by both univariate analysis (FF cohort, P ¼ 0.016; FFPE cohort, P ¼ 0.003) and after adjustment for patient's age at diagnosis, sex, and tumor stage (FF cohort: HR, 1.90; 95% CI, 1.08-3.35; P ¼ 0.025 and FFPE cohort: HR, 1.93; 95% CI, 1.02-3.63; P ¼ 0.042; Fig. 1 ).
Validation of miR-708 expression in lung cancer
We first confirmed the miR-708 expression status by quantitative PCR in 30 paired FF samples used for expression profiling ( Fig. 2A) and in a Korean cohort of 15 paired FF samples (Fig. 2B) . We also examined miR-708 expression in smoker lung adenocarcinomas including 19 paired FF samples from Korea (Fig. 2C) and in an NCI cohort of mostly smokers (Fig. 2D) . Consistently, miR-708 expression level was significantly increased in tumor compared with the matched normal lung ( Fig. 2A-C , P < 0.05-0.001) and in the NCI cohort of nonmatched tumor and normal lung samples (Fig. 2D, P < 0.001 ). In addition, we examined 85 lung squamous cell carcinoma samples from the same NCI cohort (24) and observed a similarly high miR-708 expression in the tumors (Supplementary Fig. S1 ). However, no survival significance was observed for the NCI cohort (P ¼ 0.239) and the sample size of the Korean cohort was too small for survival analysis.
miR-708 and cell proliferation, migration, and invasion
The biologic role of miR-708 in cell growth was investigated in several human cell lines through loss-or gain-of- Fig. S2 ). We modulated cellular miR-708 levels by transiently transfecting these cells with either miR-708 oligomers or anti-miR-708 oligomers (Fig. 3) . Knockdown of endogenous miR-708 reduced cell proliferation in H1299 cells (P < 0.05) but had no effect on BEAS-2B cells (Fig. 3A) . However, overexpression of miR-708 in these cells increased proliferation by 60% (P < 0.001) in both H1299 and BEAS-2B cells compared with the mocktransfected cells. Similarly, transiently overexpressing miR-708 in H1299 cells increased cell invasion by 2-fold compared with the mock control. In contrast, those transfected by anti-miR-708 oligomer showed a decreased rate of cell invasion ( Fig. 3B ; P < 0.01). Furthermore, when we stably expressed miR-708 in A549 lung cancer cell lines, there was a nearly 3-fold increase in colony growth of the infected cells compared with the mock control and a 1.6-fold increase in cell migration measured by wound-healing test ( Fig. 3C and D; P < 0.01).
miR-708 status and gene expression signature in lung adenocarcinoma from never smokers
To determine the gene expression changes associated with miR-708, we selected 169 genes most differentially expressed on the basis of its expression status in the 56 FF tumor samples. Tumors clustered separately when dichotomized on the basis of expression status of miR-708 (Fig.  4A) . Furthermore, patients whose tumors had high expression of miR-708 (miR-708-H) were more likely to have an overall less favorable survival than those with low miR-708 (miR-708-L) expression in their tumors (Fig. 4B) . Among these genes, KRT6A and MMP1, 10, 11, and 13, as well as TFF1 and TOP2A were highly expressed whereas TMEM88 was reduced in miR-708-H tumors (Supplementary  Table S2 ).
TMEM88 is a potential downstream target of miR-708
We further examined these 169 genes to identify likely targets of miR-708. Seven genes were predicted on the basis of the TargetScan and MicroCosm databases (Supplementary Table S3 ). One of these genes, Target transmembrane protein (TMEM) 88, was downregulated by 1.6-fold in tumors with high miR-708 expression levels compared with those that had low miR-708 expression levels and was associated with overall survival. Overall, TMEM88 expression level was low by RT-qPCR in the FF cohort compared with the matched noninvolved lung ( Fig. 5A ; P < 0.001). Patients whose tumors had relatively higher expression levels of TMEM88 had more favorable overall survival ( Fig.  5B ; P ¼ 0.039; log-rank). In Cox analysis, the HR for TMEM88 expression was 0.41 (95% CI, 0.19-0.86; P ¼ 0.018). In the luciferase assay, miR-708 expression resulted in a 2.5-fold reduction of luciferase activity in the construct containing TMEM88-3 0 UTR ( Fig. 5C ; P < 0.01). Furthermore, the mRNA level of endogenous TMEM88 decreased in a dose-dependent manner in cells overexpressing miR-708 ( Fig. 5D ; P < 0.001).
Discussion
The critical role of miRNA in cancer has become increasingly apparent. Studies have shown that these small regulatory RNA molecules participate in a diverse set of cell signaling processes, such as apoptosis, cell proliferation, and epithelial-to-mesenchymal transition (26) (27) (28) (29) . In lung cancer, miR-21 has been shown to be associated with overall survival or to participate in regulating cell proliferative signaling pathways, or both (5, 7, 20, 30) . Differential gene expression studies have also identified various miRNA genes that predict lung cancer tumor type, as well as tumor development (21, 31, 32) . In this study, we identified 20 most significantly altered miRNA genes using 2 independent cohorts of lung adenocarcinoma samples from never smokers. Four of the 20 genes-miR-9, miR-210, miR-218, and miR-708, have been reported in lung cancer from smoker patients with lung squamous cell carcinomas (5, 7, 31) . miR-182 and miR-183 were reported to be overexpressed in lung adenocarcinoma from nonsmokers in a Chinese cohort (30) . MiR-183 has been shown to function as an oncogene by targeting the transcription factor EGR1 and promotes tumor cell migration (33) . Jointly, these results suggest that a significant fraction of miRNA alteration observed in lung cancer of never smokers could also occur in smokers and lung tumor of other histologic subtype.
Among the genes significantly overexpressed in the tumors in our study, miR-708 was most significantly associated with survival in the lung adenocarcinoma from never smoker patients by both univariate and multivariate analysis (Fig. 1) . Patients whose lung adenocarcinomas were high in miR-708 expression had a shorter survival whereas those with low miR-708 expression tended to have a better survival (Fig. 4) . In our validation analysis, miR-708 was high in a majority of the tumors tested including those from lung adenocarcinoma of smoker and never smokers (Korean Cohort), as well as in squamous cell carcinomas (NCI cohort). Functionally, miR-708 overexpression resulted in increased cell proliferation, migration, and invasion, whereas cells that were knocked down for miR-708 showed a decrease in these phenotypes in lung cancer cells (Fig. 3) .
Genetically, the miR-708 is located on chromosome 11q14.1 and is encoded in the intron 1 of the Odd Oz/ ten-m homolog 4 (ODZ4) gene, a gene regulated by CCAAT enhancer-binding homologous protein (CHOP) in vertebrates (34) . It is cotranscribed with its host gene and is most highly expressed in the brain and eyes and seems to have a role in endoplasmic reticulum stress of the eye (35) . By qPCR, miR-708 has the highest expression level in the brain and eyes and seems to have a role in endoplasmic reticulum stress in the eye (35) . Although the exact mechanism remains unknown, miR-708 overexpression has been reported in lymphoblastic leukemia (36) and it is one of the frequently identified miRNAs in lung cancer (31, 32) . Xing and colleagues (32) showed that miR-708 was among the 3 most predictive markers of squamous cell carcinoma using sputum, whereas Patnaik and colleagues (37) reported that miR-708 was 1 of 9 prognostic markers in surgically resected stage I NSCLCs. Our study is the first to show an association between miR-708 expression and overall survival in subgroup of lung cancer.
Using miRNA and mRNA gene expression profiling and integrated bioinformatics analysis, we identified the transcript TMEM88 as one of the candidate targets of miR-708 ( Supplementary Fig. S3 ). TMEM88 is located in chromosome 17p13.1 near the TP53 genes and contains 2 transmembrane domains and a PDZ-binding domain at its Cterminal. Recently, Lee and colleagues (37) reported that TMEM88 interacts with the PDZ domain of disheveled (Dvl) gene and the C-terminal tail of TMEM88 sublocalizes at the cell membrane. This binding inhibits Wnt signaling induced by Xdsh but not b-catenin in Xenopus. Knockdown of TMEM88 results in an increase of Wnt activity by >2-fold (27) . In our integrative analysis based on mRNA and miRNA expression profiles, TMEM88 expression was inversely associated with miR-708 expression, and the increased expression of TMEM88 correlated with a reduced overall risk of death in lung adenocarcinoma from never smokers. Furthermore, miR-708 forced expression directly inhibited TMEM88 messenger RNA level in transduced cells and via its 3 0 UTR binding site dependent manner (Fig. 5C  and D) .
Our results suggest that miR-708 plays a critical role in lung cancer development based on the following observations:
(i) miR-708 is one of the most commonly overexpressed miRNAs in NSCLC and its high-level expression is associated with a reduced survival in lung adenocarcinoma from never smokers.
(ii) Among the transcripts most differentially expressed between miR-708-H and miR-708-L tumors, the miR-708-H cluster included several of the metalloproteinases (MMPs), which are capable of degrading the extracellular matrix macromolecules and promote tumor cell migration and metastasis (Fig. 4) such as, MMP1, 10, 11, and 13 (38-42). These genes could be indirectly regulated upon miR-708 overexpression (17, 33) . (iii) In functional studies, overexpression of miR-708 in lung cancer cells induced phenotypes consistent with increased cellular proliferation and migration. (iv) Among the genes that were downregulated in miR-708-H tumors, TMEM88 is a negative regulator of Wnt signaling pathway (37) and seems to be a direct target of miR-708.
These observations provide a tantalizing link that miR-708 promotes lung cancer progression, at least in part, through regulating Wnt signaling pathway.
It is important to note that because of the ability for each miRNA gene to target and regulate a diverse set of mRNA transcripts, it is highly likely that the role of miR-708 depends on the tissue type and cellular context. In our study, although miR-708 overexpression has been observed in smokers and never smokers of lung adenocarcinoma as well as squamous cell carcinoma, a survival difference was only observed in the adenocarcinoma of the never smoker group based on miR-708 status. This could be because of statistical chance and sampling variations among the different cohorts. It may also indicate that the significance of miR-708 on patient survival from lung cancer is dependent on the context of the cellular environment and the presence of other coexisting genetic changes in the tumor. In lung cancer from smokers, widespread genetic alterations and inactivation of a large number of different genes (43, 44) involving distinct tumorigenic processes as a result of cigarette smoking could have precluded a direct association between miR-708 status and patient survival. However, the commonly observed overexpression of miR-708 in NSCLC by our group and others jointly implicates a role of this miRNA as an important player in lung cancer development and progression.
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